Introduction
Phenotypic modulation is a common feature of vascular smooth muscle cells isolated from blood vessels that have been affected by progressive sclerosing diseases (1, 2) . This is true of restenosis of vascular grafts, atherosclerosis, and glomerulosclerosis (2) (3) (4) . Mesangial cells, the smooth muscle component of the glomerular vasculature, play a key role in the development of scarring in many progressive glomerular diseases (4) . We found that glomerular mesangial cells exhibited stable phenotypic changes in vitro after the onset of diabetes in nonobese diabetic (NOD) mice, a glomerulosclerosisprone mouse strain that develops diabetic nephropathy (5-7). Identical phenotypic changes were found in several isolates of mesangial cells from the same kidney and in isolates from several different mice. Thus, stable phenotypic changes appeared to be a consistent finding in mesangial cells isolated from diabetic NOD mice that were developing a glomerulosclerotic lesion. Mesangial cells from db/db mice (a model of nephropathy in type II diabetes) also demonstrated stable phenotypic changes after the onset of diabetes (8) . We show herein that isolated mesangial cells of ROP Os/+ mice (Os/+ mice), a nondiabetic model of glomerulosclerosis, also exhibited stable in vitro phenotypic changes compared with their ROP +/+ (+/+) littermates that had glomeruli of normal size and morphology (9) .
Our results show that stable phenotypic changes are a common feature of mesangial cells in mice with a permissive genetic background. Since C57 Os/+ mice had normal glomeruli, we concluded that the Os mutation resulted in a sclerotic lesion only in the presence of a susceptible genetic background, and was not an independent cause of glomerulosclerosis (10) .
Comparison between mesangial cells from sclerosisprone +/+ mice with mesangial cells derived from sclerosis-resistant C57 mice revealed marked differences in their extracellular matrix profile (11) . Thus, mesangial cells in vitro retain many characteristics of the in vivo phenotype.
Because the sclerosis in the glomeruli of Os/+ mice was both diffuse and bilateral, as well as being localized to the mesangial region, we postulated that the cells carrying the sclerosing phenotype could originate from a common mesangial cell progenitor. Therefore, the three aims of the current study were to determine if mesangial cell progenitors were derived from the bone marrow (BM), if the donor phenotype was transmitted by mesangial cell progenitors, and if transplantation of mesangial cell progenitors from an animal with glomerulosclerosis transmitted the lesion to normal recipient glomeruli.
We used the Os/+ and +/+ strain combination for four reasons. First, while they are congenic, the two genotypes can be reliably differentiated (12) . Secondly, We found that ROP Os/+ (Os/+) mice had diffuse glomerulosclerosis and glomerular hypertrophy and that their mesangial cells (the vascular smooth muscle cells of the glomerulus) displayed an apparent sclerosing phenotype. Since mesangial cells are the major source of scar tissue in glomerulosclerosis, we postulated that the sclerosis phenotype was carried by mesangial cell progenitors and that this phenotype could be derived from the bone marrow (BM). Therefore, we transplanted BM from Os/+ mice into congenic ROP +/+ mice (+/+ mice), which have normal glomeruli. We found that glomeruli of +/+ recipients of Os/+ marrow contained the Os/+ genotype, were hypertrophied, and contained increased extracellular matrix. Clones of recipient glomerular mesangial cells with the donor genotype were found in all +/+ recipients that developed mesangial sclerosis and glomerular hypertrophy, whereas +/+ recipients of +/+ BM had normal glomeruli. Thus, the sclerotic (Os/+) or normal (+/+) genotype and phenotype were present in, and transmitted by, BM-derived progenitors. These data show that glomerular mesangial cell progenitors are derived from the BM and can deliver a disease phenotype to normal glomeruli. Glomerular lesions may therefore be perpetuated or aggravated, rather than resolved, by newly arriving progenitor cells exhibiting a disease phenotype.
ROP mice with the Os/+ genotype have progressive glomerulosclerosis, whereas those with the +/+ genotype do not (9, 13) . Third, since the mesangial cells from both strains can be isolated and studied in vitro, allowing for identification of their genotype and phenotype, we were able to determine whether their progenitors were of BM origin. Finally, we would be able to determine whether transmission of the donor genotype and the donor phenotype were linked, and whether this resulted in the transmission of the donor lesion.
We found that mesangial cell progenitors originated from the BM, and that BM from a mouse with glomerulosclerosis transmitted both the sclerotic lesions and glomerular hypertrophy to normal glomeruli. Thus, repair of injured blood vessels by progenitors carrying a disease phenotype could result in further progression of the disease, rather than its resolution.
In addition, we found that glomerular endothelial cells and aortic smooth muscle cell progenitors were also derived from the BM.
Methods
Animals. Female ROP Os/+ (Os/+) and ROP +/+ (+/+) mice, 6-8 weeks old, were obtained from The Jackson Laboratory (Bar Harbor, Maine, USA).
BM transplantation. BM was obtained from 6-to 8-week-old donor mice sacrificed using guidelines approved by the University of Miami Animal Care and Use Office. +/+ mice were lethally irradiated (950 cGy) and given 5 × 10 7 BM cells intravenously. They were then followed for 8 weeks (14) . All mice were 14-16 weeks old at sacrifice. No changes in general health status were noted in recipient mice.
Experimental and control groups. Ten +/+ mice received BM pooled from Os/+ mice, a congenic strain (15). +/+ and Os/+ mice share the H-2 b haplotype (15). Two groups served as controls. Five +/+ mice received pooled BM cells from +/+ mice following irradiation. Four +/+ mice were irradiated and did not receive BM, to determine whether the irradiation dose chosen was lethal. All four of these mice died within two weeks. Skin grafts. +/+ and Os/+ mice are thought to have identical H-2 loci. Since minor histocompatibility differences may have developed between these two strains, we examined Os/+ skin grafts placed on +/+ mice. Skin from the tails of Os/+ donors was engrafted to the backs of three +/+ recipients (16) . The grafts were examined daily for evidence of sloughing, edema, and hair growth. The engrafted tail skin and a cuff of recipient skin was removed at 8 weeks. Cross sections including the donor skin and a margin of recipient skin were fixed in 10% paraformaldehyde and embedded in paraffin. Sections were stained with hematoxylin and eosin.
Organ preparation. Recipient mice were sacrificed 8 weeks after transplantation. The left kidneys were perfused with saline, and the upper and lower poles were removed and incubated in 0.1% collagenase (17) . The remaining kidney was cut into small fragments, and either prepared for frozen sectioning or fixed in 10% formalin, embedded in methacrylate, sectioned, and stained with hematoxylin and eosin and periodic acid-Schiff. The spleen was frozen at -80°C for genomic analysis, and a fragment of the aortic arch of each mouse was removed for cell culture.
Morphometry. Sections from methacrylate-embedded cortical tissue (4 µm) were stained by the periodic acid-Schiff method. Digital images of 50 consecutive, randomly chosen glomeruli from each mouse were recorded with an Olympus BH-2 microscope and a MicroImage A209 RGB color video camera. Total glomerular volume (µm 3 ) was obtained using the MetaMorph image analysis computer program (Universal Imaging Corporation, West Chester, Pennsylvania, USA) (18) .
Immunofluorescence microscopy. Type IV collagen was evaluated as previously described (4) . For the identification of macrophages, sections were stained with a rat IgG anti-CD68 antibody (Serotec Inc., Raleigh, North Carolina, USA), followed by biotin-conjugated goat anti-rat IgG (Serotec Inc.), and streptavidin-conjugated FITC (Zymed Laboratories Inc., South San Francisco, California, USA). Spleen sections were used as a positive control. The negative control consisted of adjacent sections exposed only to the second antibody.
Microdissection of glomeruli. Glomeruli were separated from tubules and arterioles as described (17) .
Isolation and cloning of glomerular mesangial and endothelial cells. Microdissected glomeruli were placed into wells of fibronectin-coated tissue culture plates and cultured in DMEM/F12 medium containing 20% FBS (19, 20) . We have previously described the characteristics of the three glomerular cell types (19) . Mesangial cells were characterized by a number of features, including their elongated morphology, their growth in a "hill and valley" pattern, the presence of end-to-end filaments (revealed by staining with rhodamine-phalloidin), and immunostaining. We performed positive immunostaining with anti-α-smooth muscle actin (DAKO Corp., Carpinteria, California, USA) (confirmed by RT-PCR for α-smooth muscle actin) and anti-smooth muscle myosin (Biomedical Technologies Inc., Stoughton, Massachusetts, USA). Negative immunostaining was done with both mouse anti-endothelial cell monoclonal antibody IgG1 (catalog no. MAB16985; Chemicon International Inc., Temecula, California, USA) and an FITC-labeled antibody that recognizes macrophages (anti-mouse CD11b; Accurate Chemical & Scientific Corp., Westbury, New York, USA) (14, 15). As expected, the small number of resident macrophages in the outgrowths (<1-3%) did not survive past the first few days in culture. Endothelial cells were characterized by their cobblestone morphology, by rhodamine-phalloidin staining that showed peripheral staining but no end-to-end filaments, negative RT-PCR for α-smooth muscle actin, positive immunostaining with a mouse anti-endothelial cell monoclonal antibody, and negative staining for mouse macrophages (14, 15).
Glomerular cell outgrowths were obtained from the glomeruli of all ten mice receiving Os/+ BM for genotyping. Individual clusters of outgrowing cells were isolated with cloning rings and trypsinized, followed by single cell cloning and propagation (5) . Twelve clones of mesangial cells were obtained from three of seven mice that had the Os/+ genotype in the initial outgrowths. Mesangial cells from one mouse in which the genotype of the early outgrowth was +/+ were cloned. Since endothelial cells were identified in the initial outgrowths from several recipients of Os/+ BM, the outgrowths were cloned to determine their genotype. Three glomerular endothelial cell clones were obtained from one +/+ recipient of Os/+ marrow.
Isolation and cloning of aortic smooth muscle cells. The aortic arches of three +/+ recipients of Os/+ BM were cut into 1-mm 3 fragments that were incubated for 1 hour at 37°C in a 0.1% collagenase solution. Smooth muscle cells were isolated and identified using the same conditions as described for glomerular mesangial cells. Five clones were obtained from these three recipients of Os/+ marrow. One clone cell was examined from each of two mice that had an Os/+ mesangial cell genotype in both first-passage cells and in several clones. In addition, three clone cells were examined from a mouse in which the mesangial cell clonal genotype was +/+. DNA analysis. DNA was extracted from the spleens, glomeruli, and isolated cells (12) . Clonal populations of glomerular mesangial cells, glomerular endothelial cells, and aortic smooth muscle cells were examined. One million cells were incubated in a proteinase K solution at 60°C for 2 hours and then centrifuged at 4°C. Phenolchloroform (Sigma-Aldrich, St. Louis, Missouri, USA) was added, and the aqueous phase was precipitated in ethanol and sodium acetate. DNA was prepared from cells from several different passages, and from more than three samples of each cell line (from passages 3-15). We used PCR primers that amplify simple sequence repeats linked to the Os genotype on chromosome 8 (the mouse Chr 8 SSLP marker D8Mit104; MIT SSLP database ID no. MPC2609) to identify the genotype of DNA of mesangial cells and glomeruli from all ten recipients of Os/+ BM (12) . PCR products were separated on a 2% agarose gel.
Matrix metalloproteinase-2 and type IV collagen mRNA. Mesangial cells isolated from +/+ and Os/+ native mice were obtained and characterized as described (11) . Those were compared with cells isolated from +/+ recipients of BM. Twenty-four hours prior to collection, medium was changed to DMEM/F12 supplemented with 0.1% FBS. mRNA was extracted from the cell layer with TRI Reagent (Molecular Research Center Inc., Cincinnati, Ohio, USA) as previously described (6) . Reverse transcription was performed on 2 µg of total RNA with a first-strand DNA synthesis kit (Roche Molecular Biochemicals, Indianapolis, Indiana, USA). Competitive PCR was performed for matrix metalloproteinase-2 (MMP-2) by adding decreasing amounts of mutant templates to glomerular cDNA, as previously described (17) . Semiquantitative PCR was used to analyze type IV collagen mRNA, using GAPDH as a control (6) . Experiments were performed in triplicate.
MMP-2 activity. Twenty-four hours prior to collection, medium was changed to DMEM/F12 supplemented with 0.1% FBS. Supernatants were collected 24 hours later, and cell number was determined. MMP-2 activity was assessed using 10% gelatin zymogram gels, as described previously (6) . Briefly, the medium was diluted to normalize for cell number (∼25,000 cells/ml) before the addition of 5× Laemmli buffer under nonreducing conditions. Following electrophoresis, gels were washed for 1 hour in 2.5% Triton X-100, and incubated for 18 hours in 50 mM Tris buffer. The gels were stained with Coomassie blue and air dried. Densitometry using NIH Image 1.6 was used to analyze relative MMP-2 activity. Experiments were performed in triplicate. Considerable attention was paid to comparing cultures with cell layers that had similar cell density, since MMP-2 activity is density dependent (6) .
Urine albumin/creatinine ratios. Urine was collected in siliconized tubes. For the albumin assay, urine was diluted 1:1,000 and measured in duplicate with the Mouse Albumin ELISA Quantitation Kit from Bethyl Laboratories Inc. (Montgomery, Texas, USA). Optical density values were obtained using the MRX microplate reader (Dynex Technologies Inc., Chantilly, Virginia, USA) at a wavelength of 450 nm. Albumin values (ng/ml) were recorded as the mean of the duplicate values. Urine was diluted 1:10 and 1:20 to determine the creatinine concentration by optical density using the Stanbio Creatinine Kit (Stanbio Laboratory, San Antonio, Texas, USA). Creatinine (ng/ml) values were recorded as the mean of duplicate values.
Statistical analysis. Data were expressed as mean ± SD. For morphometric analysis, means were compared using an unpaired t test with Welch's correction. For gene expression and MMP-2 activity analysis, variances were compared using ANOVA and the Tukey multiple comparison test.
Results
Transfer of BM from mice with glomerulosclerosis resulted in reconstitution of the hematopoietic system in all congenic and isogenic recipients. There was no mortality in +/+ recipients of either +/+ or Os/+ BM. We identified the Os and +/+ genotypes by PCR with the mouse Chr 8 SSLP marker D8Mit104 (12) . ROP +/+ mice are homozygous for this locus (Figure 1a, lane 2) , whereas Os/+ mice are heterozygous (Figure 1a, lane 3) . DNA from the spleens of all +/+ recipients of Os/+ BM contained the Os genotype (Figure 1a, lanes 4 and 5) , showing that donor BM engrafted all recipients. Further evidence of engraftment was the fact that all BM recipients survived, whereas all irradiated mice that were not transplanted died within 2 weeks.
+/+ mice were tolerant to Os/+ donor skin grafts. For the purpose of confirming that there was tolerance between the two congenic strains, we placed skin grafts from the tails of Os/+ mice onto the backs of three +/+ mice and examined the grafts daily. There was no evidence of skin graft rejection by either serial visual examination or by review of histologic sections at the time of sacrifice 2 months after engraftment (data not shown).
Examination of recipient glomerular DNA revealed that the donor genotype was transmitted to nine of ten recipients. The +/+ genotype is recognized by a single band in a 2% agarose gel, whereas the Os/+ genotype is a doublet (Figure 1b, lanes 2 and 3) . Glomeruli from all ten +/+ recipients of Os/+ BM were compared with those from naive +/+ and Os/+ mice. The Os/+ genotype was identified in nine of ten +/+ recipients of Os/+ donor BM. The relative density of the two bands in agarose gels varied in recipients with the Os/+ genotype (Figure 1b,  lanes 4 and 5) . Mesangial cell isolates with the Os/+ genotype were more consistently obtained from mice in which the density of the Os band was more dense than the + band.
Transfer of BM from mice with glomerulosclerosis and glomerular hypertrophy resulted in development of glomerulosclerosis and glomerular hypertrophy in normal recipients. Os/+ mice with established glomerular lesions were used as BM donors (Figure 2a) (9, 10) . +/+ mice were used as recipients because they are congenic with Os/+ mice (Figure 2c ). +/+ mice that received Os/+ BM developed marked glomerular hypertrophy (2.5-fold increase in size, P < 0.001) (Figure 3) . Additionally, glomerulosclerosis, characterized by increased amounts of mesangial extracellular matrix, was comparable to that in the Os/+ donors. There was also marked enlargement of the mesangial spaces, which were shown by immunofluorescence microscopy to contain large accumulations of type IV collagen (Figure 4) (9, 10) . The peripheral basement membranes appeared normal. The number of glomerular cells was not increased. The number of macrophages (0.3/glomerulus) was similar to that in +/+ recipients of +/+ marrow and native +/+ mice (data not shown). Thus, both glomerulosclerosis and glomerular hypertrophy were transmitted by BM-derived precursors.
Transfer of BM from mice with normal glomeruli to syngeneic recipients resulted in glomeruli of normal size and morphology. The glomeruli of +/+ recipients of +/+ BM were not different in morphology (Figure 2d ) or size from +/+ control littermates (Figure 2c) (9, 10) . Therefore, irradiation and transplantation were not the source of the glomerulosclerosis and/or glomerular hypertrophy found in +/+ recipients of Os/+ BM.
Mesangial cells of +/+ recipients of Os/+ BM expressed the Os/+ genotype. We isolated individual glomeruli by microdissection to ensure that only resident glomerular cell types were represented in the outgrowing cells, i.e., mesangial, endothelial, or epithelial cells (podocytes) (19) . Mesangial and endothelial cells, but not epithelial cells, were identified in the initial outgrowths. We identified the Os/+ genotype in the cells of seven of ten glomerular outgrowths from +/+ recipients of Os/+ BM ( Figure 5 ). Twelve mesangial cell clones were studied from three of these outgrowths to determine their genotype. All had the Os/+ genotype. Hence, they were derived from the BM of the Os/+ donors. Three glomerular endothelial cell clones obtained from one of these mice revealed an Os/+ genotype, the same genotype present in the mesangial cells isolated from that mouse. Examination of DNA extracted from whole glomeruli revealed the Os/+ genotype in nine of ten mice. We were not able to isolate mesangial cells with the Os/+ genotype from two of these nine mice. We isolated five mesangial cell clones from the recipient lacking the Os/+ genotype in whole glomeruli to search for heterogeneity in the glomerular outgrowths, and found that all had the +/+ genotype.
Transfer of BM between congenic strains revealed that the donor mesangial cell genotype determined the mesangial cell phenotype in recipients. Mesangial cells from native kidneys of +/+ mice had a level of expression of MMP-2 mRNA that was twofold higher, as measured by competitive PCR (17) (Figure 6a ) and enzyme activity (Figure 6, b and c) , than that of donor Os/+ mice. In contrast, the level of type IV collagen mRNA was identical in mesangial cells isolated from Os/+ and +/+ mice (data not shown), suggesting that an imbalance between synthesis and degradation could contribute to the development of glomerulosclerosis in Os/+ mice. The Os/+ MMP-2 phenotype was found in all of the recipient mesangial cell clones with the Os/+ genotype. In other words, the relative mRNA levels and levels of enzyme activity were not different between mesangial cells isolated from the kidneys of native Os/+ mice and those from +/+ recipients of Os/+ BM. Therefore, the Os/+ phenotype and genotype in mesangial cells correlated directly with the presence of glomerulosclerosis and glomerular hypertrophy in +/+ recipients of Os/+ BM. The +/+ phenotype was found in mesangial cell clones isolated from the glomeruli of +/+ recipients of +/+ BM, all of which had normal glomeruli (data not shown).
Transfer of BM between congenic strains revealed that the genotype of aortic smooth muscle cells and mesangial cells may differ.
Smooth muscle cells were isolated from the aortas of three +/+ recipients of Os/+ BM. Analysis of the genotype of first-passage cultures from the outgrowths of aortic fragments, and of all three clones from one of the primary cultures, revealed the Os/+ genotype ( Figure 5) . Thus, the aortic smooth muscle cells derived from explants were also derived from donor BM-derived progenitors. The mesangial cells isolated from two of these three mice had the Os/+ genotype. Neither whole glomeruli nor mesangial cells isolated from the third mouse had the Os/+ genotype; in this mouse, the Os/+ genotype was found in the spleen and in aortic smooth muscle cells, but not in the glomeruli.
Urine albumin/creatinine ratios. We found no changes in the urine albumin excretion rate in mice sacrificed 8 weeks after BM transplantation (Os/+ vs. +/+ recipients: 0.041 ± 0.007 mg/g vs. 0.030 ± 0.009 mg/g, no significant difference, respectively). We previously found that the albumin excretion rate was normal in 16-weekold Os/+ mice, but was increased by the age of 32 weeks (our unpublished data).
Discussion
Since ROP Os/+ mice, but not ROP +/+ mice, develop rapidly progressive glomerulosclerosis, this congenic strain combination was chosen for study of the repopulation of glomeruli by BM-derived progenitors (9, 10) . The strains differ only at the Os locus on chromosome 8, and the +/+ and Os/+ genotypes can be reliably differentiated (12, 15 ). Thus, we were able to determine whether the glomerular mesangial cell progenitors were derived from the BM and whether they transmitted the donor lesion following BM transplantation. Since additional mutations could have occurred in these well-established congenic strains, we examined skin from Os/+ mice grafted onto the +/+ mice, to ensure that the induction of glomerulosclerosis in +/+ recipients of Os/+ BM was not due to graft-versus-host disease. We found no evidence of skin graft rejection by gross or histologic examination. Hematopoietic reconstitution of recipients by donor BM was confirmed both by survival of all recipients and the finding that the spleen contained the donor genotype in all +/+ recipients of Os/+ BM. To ensure that only glomerular cells were studied in vitro, we isolated glomeruli by microdissection, and selected only those glomeruli that were free of capsules and arterioles (17) . Thus, extracted DNA represented only glomerular constituents, and contamination of isolated cell preparations by nonglomerular sources was eliminated. The isolation of glomeruli by sieving techniques yields preparations containing 5-10% contamination by nonglomerular structures (4). Examination of DNA from glomeruli of all ten recipients revealed that nine of the ten contained the Os/+ genotype. Interestingly, the relative amounts of the +/+ and Os/+ genotype in +/+ recipients correlated with the ability to isolate mesangial cells with the Os/+ genotype. We found that the Os/+ genotype was invariably identified in mesangial cells from glomeruli that were the most sclerotic and enlarged. This correlated with a predominance of the Os genotype in agarose gels.
The Os/+ genotype was found in the glomeruli of nine of ten BM recipients, and in the initial cellular outgrowths from glomeruli of seven recipients. The Os/+ genotype was found in all twelve mesangial cell clones isolated from three of these seven mice. In two of the three recipients in which the Os/+ genotype was not identified in vitro, the relative density of the Os band in 2% agarose gels appeared to be decreased, compared with the relative density of bands from mice in which we were able to identify cells containing the Os/+ genotype in vitro. In the single mouse in which the phenotype of whole glomeruli was +/+, we found the +/+ genotype in both the initial cellular outgrowths from glomeruli and in five mesangial cell clones. Thus, it appeared that glomeruli in this mouse were not repopulated by donor progenitors. These data suggest that recipient glomeruli were not uniformly repopulated by donor progenitors.
We also studied clonal populations to determine whether the phenotype was concordant with the genotype, and whether the phenotype in recipients resembled that in the donors. We chose to study the MMP-2 profile, since others have reported that sclerosing glomerular diseases are associated with downregulation of MMP-2. For instance, MMP-2 was found to be decreased in glomeruli isolated from patients with diabetic nephropathy (21) . Furthermore, exposure of rat mesangial cells to elevated glucose levels resulted in a significant decrease in the levels of MMP-2 (22) . We found that lower MMP-2 levels represented a stable phenotypic change in Os/+ mesangial cells that differentiated them from +/+ mesangial cells. Similarly, the levels of MMP-2 mRNA and activity were lower in mesangial cells isolated from Os/+ mice than in those from +/+ mice. We found that the phenotype of mesangial cells isolated from recipients correlated directly with the genotype, and did not differ from that found in the donor strains. Namely, mesangial cell MMP-2 mRNA and enzyme activity was lower in mesangial cells expressing the Os/+ genotype than in those that had the +/+ genotype. Furthermore, since there appeared to be no difference between the phenotype expressed in mesangial cells isolated from native and recipient kidneys, the events associated with BM transplantation did not appear to introduce artifacts into this aspect of the mesangial cell phenotype.
Furthermore, BM progenitors can deliver either a normal (+/+) or a disease (Os/+) phenotype to
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The glomeruli. Since mesangial cells play a key role in extracellular matrix accumulation, it is likely that the Os/+ mesangial cell progenitors were a major contributor to glomerular lesions in +/+ recipient mice. The absence of glomerular lesions in one +/+ recipient, and modest lesions in two others in which the degree of repopulation by Os/+ progenitors was diminished (as judged by genotype analysis of glomeruli) provides further evidence for this conclusion. However, we cannot rule out a role for a contribution by endothelial cells. We found no increase in the number of glomerular macrophages, suggesting that they were not a major factor in the development of glomerulosclerosis. We expected to find both the +/+ and Os/+ genotypes in mesangial cells of Os/+ recipient BM. Since the +/+ genotype could have been obscured by the Os/+ genotype in mixed cultures of mesangial cells, we examined multiple clones of mesangial cells. We were unable to detect the +/+ genotype in mesangial cell clones from mice in which whole glomeruli and the initial glomerular outgrowths had the Os/+ genotype.
We could not isolate mesangial cells containing the Os/+ genotype from the glomeruli of three of ten +/+ recipients of Os/+ BM, despite the fact that the Os/+ genotype was found in whole glomeruli in two of these three mice. Evidence that the BM transplantation was successful consisted of finding the Os/+ genotype in spleens of all recipients. The most likely explanation is that the number of progenitors repopulating glomeruli varied among mice. Those glomeruli with a preponderance of the Os/+ genotype had glomerular lesions, and we were able to isolate cells with this genotype from the cellular outgrowths. In contrast, the glomeruli of those in which the +/+ genotype predominated were affected to a lesser extent, and the isolated cells all had the +/+ genotype. Interestingly, in the three recipients of Os/+ marrow that had a +/+ mesangial cell genotype, we found only the Os/+ genotype in aortic explant outgrowths from all three mice and in three smooth muscle clones obtained from one of these aortic outgrowths.
There is increasing evidence that the BM is the source of progenitors for multiple organs. More than 20 years ago, we found that one of the fixed glomerular cells, the resident macrophage, was derived from the BM (23). Since the current work was submitted, others have also shown that mesangial cell progenitors can be derived from the BM in transgenic mice (24) . Several laboratories have found that BM cells can differentiate into osteoblasts (25) , adipocytes (26) , and endothelial cells (27, 28) . In addition, transplantation of marrow (stromal) cells has been successfully used in the treatment of patients with osteogenesis imperfecta, a genetic disorder of mesenchymal cells resulting from a mutation in one of the two genes encoding type I collagen (29) . Recently, it has been shown that several types of mesenchymal cells, including interstitial fibroblasts, hepatocytes, osteoblasts, endothelial cells, and striated muscle cells, are derived from the BM, even in adult animals (30-32). Marrow cells have been shown to differentiate into astrocytes after injection into neonatal mouse brain (33) . Finally, a stem cell population common to both smooth muscle and endothelial cells has been identified (34) . Thus, the BM is the site of progenitor cells for multiple tissues.
Mesangial cells isolated from microdissected glomeruli of mice with glomerulosclerosis have been shown to display a stable phenotypic change in vitro after diverse stimuli, including type 1 and type 2 diabetes, excess growth hormone, and cyclosporin administration (5-8, 11, 20) . Fibroblasts from the skin of patients with scleroderma or diabetes were also found to retain a pathologic phenotype, suggesting that phenotypic abnormalities persist both in vitro and in vivo, and affect both vascular and nonvascular mesenchymal cells (35, 36) .
There has been controversy in the literature about whether BM-derived cells are capable of delivering both their genotype and phenotype to the mesenchymal tissues (37) . We found that mesangial regions were reconstituted by BM-derived mesangial cell progenitors, and that the progenitors can carry both their genotype and phenotype to recipient glomeruli. Specifically, when the donor genotype was associated with glomerulosclerosis and glomerular hypertrophy, and donor progenitors localized to recipient glomeruli, the outcome was the induction of both glomerulosclerosis and glomerular hypertrophy. In contrast, when the donor genotype was associated with normal glomeruli, recipient glomeruli were normal in morphology and size.
Our data are the first to show that mesangial cell progenitors carrying a disease genotype and phenotype can be transmitted by BM-derived mesangial cell progenitors. These data may necessitate reconsideration of current pharmacological strategies in the management of chronic glomerulosclerosis, and possibly other chronic diseases of blood vessels.
